mary neurons from genetically modified mice expressing HTS-compatible reporters that capture disease-relevant phenotypes. We demonstrated that a library of 1,280 compounds was quickly screened against both assays using only a few litters of mice in a typical academic laboratory setting. Finally, we implemented one assay in a fully automated high-throughput academic screening facility, illustrating the scalability of assays designed using this platform. These methodological improvements simplify the creation of highly scalable neuron-based phenotypic assays designed to improve drug discovery in CNS disorders.
lines is to create high-throughput screening (HTS)-capable assays that model CNS disease-relevant phenotypes as closely as possible [3] [4] [5] [6] [7] . Immortalized cell lines serve as the standard for phenotypic screening because of their scalability and adaptability to different types of assays. However, many CNS disease phenotypes can only be recapitulated within mature neural networks and, therefore, cannot be modeled effectively in nonneuronal cells or even induced pluripotent stem cell (iPSC)-derived neurons. Indeed, while iPSCs and subsequent derivation to neurons or organoids is a promising technology, significant questions remain with respect to the scalability, reliability, and reproducibility of this technology with respect to CNS drug discovery. Rodent primary neurons remain the gold standard source material for in vitro neurobiological investigations. Primary neurons cultured from newborn animals differentiate into mature neurons that connect to each other and form functioning neural networks. As a result, they are well suited for the development of assays that seek to capture more complex phenotypes believed to contribute to disorders of the brain. Historically, there have been significant challenges associated with harvesting and consistently growing primary neurons on a scale compatible with HTS. Recently, screening assays have been created that take advantage of complex phenotypes expressed by primary neurons [8, 9] . However, these assays have a relatively low throughput and are not particularly scalable to large screening projects that routinely use libraries of 20,000-100,000 unique probes. Limited scalability in current primary neuron-based phenotypic assay strategies is caused by the use of low-density (96-well) assay plates combined with laborious procedures to label assay endpoints. The poor scalability of neuron-based phenotypic assays is a significant roadblock in NSD-related therapeutic discovery. Screening projects provide initial leads for therapeutic development. Thus, increasing assay scalability enables the selection of larger and more diverse libraries for screening, which increases the chances of success in these projects. To improve the scalability of neuron-based phenotypic screening assays, we combined genomic targeting of fluorescent assay reporters in rodents with implementation of low-cost automation and high-density neuronal cultures. These innovations enabled the creation of multiple neuron-based phenotypic assays that demonstrated significantly improved scalability over current platforms. These optimized workflows are expected to improve the success rate of lead identification for therapeutic discovery related to neuropsychiatric disorders.
Methods

Mouse Lines
For most experiments, primary neurons were derived from offspring resulting in a cross between male homozygous AI34D (JAX#012570) and female WT C57/BL6j mice. In one study, male homozygous SOM-ires-Cre mice (JAX#013044) were crossed with homozygous female AI34D mice to induce SynaptophysintdTomato in a subset of GABAergic neurons. The Syngap1 reporter line (Rum3) was generated by the insertion of the IREStdTomato construct into the exon 21 of Syngap1. This insertion resulted in the expression of Syngap and tdTomato from a bicistronic mRNA. The investigation of the temporal expression of Syngap and tdTomato was done using a pan SynGAP and a tdTomato antibody.
Cell Culture Protocol for Screening Assays (96-and 384-Well Plates)
Forebrain dissection of P0 mouse pups to isolate primary cortical neurons (1 pup per culture plate) was performed, followed by dissociation with 20 active units/mL papain in 1 mL/brain of dissection media for 20 min. Cells were diluted in plating media (Neurobasal medium supplemented with 5% FBS), then robotically dispensed into 384-well (12,000 cells in 80 μL/well) plates using an epMotion 5075 liquid handling robot. After 4 h, 80% of the plating media was replaced with feeding media (Neurobasal-A medium supplemented with 2% B-27). At 4 days in vitro (DIV4), 50% of the conditioned media was replaced with fresh feeding media containing 10 µM 5-fluoro-2′-deoxyuridine (FUDR) to suppress the proliferation of glia. For some studies, there was a final feeding at DIV7/8. Cultures were transduced with 3 × 10 8 AAV-Cre particles/mL at DIV0 in the screening studies shown in Figure 1 and 1 × 10 8 AAV-Cre particles/mL in the screening studies shown in Figure 2 .
Cell Culture Protocol for 1,536-Well Plates As 1,536-well plates are not compatible with the epMotion 5075 liquid handling robot and aspiration steps are challenging, we developed an ultra-simplified procedure for culturing primary neurons in this format. The dissection and dissociation protocol was the same as that for 384-well plates. However, instead of using plating media, cells were diluted in feeding media containing 10 µM FUDR and then dispensed into 1,536-well (3,000 cells in 15 μL per well) plates using a Mantis liquid dispensing robot (Formulatrix Inc., Bedford, MA, USA). AAV-Cre was mixed with the cell suspension immediately before the cell dispense step. No other culturing steps were necessary up to DIV12.
NucBlue Live Cell Staining
NucBlue Live Ready Probes Reagent (ThermoFisher Scientific, Waltham, MA, USA) is a room temperature-stable live cell stain that contains Hoechst 33342, a cell-permeant nuclear counterstain that emits blue fluorescence when bound to DNA. In order to minimize cell toxicity, the 1X protocol (2 drops/mL) was diluted to 0.1X (2 drops/10 mL). At DIV7, the cells were fed with 50% feeding media + 0.1X NucBlue prior to imaging.
Phase Contrast Cell Count Imaging
For DIV12-DIV14 experiments, we switched to phase contrast cell count imaging at DIV7 in order to preserve cell viability over the experimental duration. We used the IN Cell 6000's built-in IATIA system to generate synthetic phase contrast images which were then analyzed using a custom Macro in ImageJ.
Plate Imaging
For most studies, plates were imaged with the IN Cell 6000 confocal plate reader (GE Healthcare Biosciences, Pittsburgh, PA, USA). Synaptophysin-tdTomato and NucBlue were imaged using the Cy3 and DAPI channel, respectively. For the replication compound library screen, a CellInsight TM High Content Screening Platform (ThermoFisher Scientific) was used to read Synaptophysin-tdTomato signals. For all studies that used the IN Cell 6000 reader, 1-4 fields of view were acquired with a 10× or 20× primary magnification. Studies that used the CellInsight reader were always carried out using 20× magnification and 4 fields of view.
Data Analysis for Nonscreening Data
Column and row effects were evaluated in 96-, 384-, and 1,536-well plates in which measure of synapse and cell number were acquired at DIV7. The Tukey two-way median polish procedure was 
Counter Screen Assay
Both the synaptogenesis assay and the Syngap1 expression assay rely on changes to the tdTomato signal. False positives may arise from the nonspecific effect of library compounds on the tdTomato signal; they may also have inherent fluorescence in the orange-red band used for signal detection in the primary assays. To detect these types of false positives, we developed an assay that quantifies nonspecific signals in the tdTomato emission spectrum. WT mouse primary neurons were cultured in 384-well assay plates using our standard HTS protocol and infected with an AAV vector (Penn vector #AV-PV3365; 1 × 10 11 particles per plate) at DIV0 that drives tdTomato expression from the CAG promoter. Neurons were first imaged in the tdTomato channel at DIV12 followed by pinning of appropriate compounds or vehicle. All wells were imaged again at DIV14. At each time point, tdTomato-positive soma were segmented from acquired images and the average fluorescence intensity for all segmented soma in each well was calculated to derive a measure of tdTomato signal intensity. The assay endpoint was calculated by determining the ratio of DIV14/DIV12 tdTomato signal intensity for each well.
Screening Details
Library Details and Dosing Information. Pilot screens were carried out using the LOPAC1280 chemical library (Sigma, St. Louis, MO, USA) which is in DMSO. The LOPAC library was converted from a 96-well to a 384-well format, resulting in four plates with 320 compounds. We used the Biomek NX P pin tool with a 384-well head to add library compounds immediately after imaging at DIV12. One hundred nanoliters of the 10-mM library compounds were pinned in each well. The final concentration of the compounds was 12.5 μM in 80 μL culture medium.
Plate Layout, Controls, and Biological Replicates. To aid in our understanding of reliability of the assay, the LOPAC library was screened in quadruplicate. The use of quadruplicate is both manageable and reduces potential errors. In addition, the minimal version of the assay discussed in the text also contributes to the reduction in variation by minimizing sample handling. Thus, this strategy required sixteen 384-well plates to screen the LOPAC library. For convenience, we split the screen into two batches (one litter = one batch) of 8 plates, and the batches were separated by 1 week. The plate layout was standard. Negative controls (0.125% DMSO) were placed in columns 1, 2, 23, and 24 in every screening plate in both screens, resulting in 64 negative control wells per plate and a total of 1,024 control wells per screen. We imaged Syn-TD punctate structures at DIV12 and DIV14. Compounds were added immediately after the DIV12 read. The critical assay endpoint was the change in the number of detected synapses (i.e., the number of Syn-TD structures) per well between DIV12 and DIV14 (DIV14/ DIV12 on a per-well basis).
Image Analysis. For both screens, the dsRed/Cy3 channel images (Synaptophysin-tdTomato signals) were analyzed using the IN Cell 6000 software (GE Healthcare Life Sciences, Pittsburgh, PA, USA) using a custom puncta detection algorithm (available as an upload). The algorithm used "Object Segmentation" along with various classifiers (i.e., sensitivity, size/length, form factor, and threshold levels) to identify clearly isolated presynaptic structures.
Screening Data Normalization and Hit Threshold. Prior to data normalization, outliers in the DMSO control population that had a synaptic DIV14/DIV12 ratio <1 and fell outside of three stand deviations of the DMSO control mean were removed. Through extensive analysis, a ratio <1 indicated an issue with data collection (e.g., out-of-focus image), and these wells were therefore excluded. These corresponded to 14 (1.4%) and 75 (7.3%) out 1,024 DMSO control wells for screens s1 and s2, respectively. Despite the lack of evidence of plate variability in the assay (Fig. 1d) , correction for plate-to-plate variability was done by normalizing the synaptic ratio DIV14/DIV12 of individual compounds to the mean of the synaptic ratio of DMSO controls within each plate. After data normalization, the mean of each four-replicate plate location was derived, and a hit threshold for compound above three standard deviations was applied. To further test for the possibility that edge effects impacted our primary hit identification, a z-score normalization was performed. The within-plate mean of synaptic ratio DIV14/DIV12 for all wells was subtracted from the individual compound ratio and divided by the standard deviation of all the wells within the plate. This resulted in similar preliminary hits within each screen when compared to DMSO control normalization.
Results
Neuron-based phenotypic assays are most often carried out in 96-well formats [8, 9] . This low-density format severely limits assay scalability. Thus, it was unclear whether primary neuronal cultures were compatible with high-density assay plates used for large-scale screening projects. Therefore, we created a simplified culturing protocol which omitted all unnecessary steps, paired it with automated plating and maintenance workflows, and then measured both culture reliability and scalability. Cultures plated for HTS assays were viable and healthy, containing neurons with branched dendrites and numerous spines (Fig. 1a) . We then cultured primary neurons from AI34D mice [10] , which conditionally express the fusion protein Synaptophysin-tdTomato, a reliable marker of presynaptic terminals [11] . The Cre dependence of the reporter promotes assay flexibility by enabling the labeling of synapse subtypes (online suppl. Fig. 1a ; for all online suppl. material, see www.karger.com/doi/10.1159/000481731) or by titrating the number of neurons that express the reporter (Fig. 1b) . The latter, when combined with the appropriate viral titer of AAV-Cre at plating, greatly im-proves assay sensitivity by optimizing the density, and therefore detection, of isolated synaptic structures. As an objective measure of neuronal health and survival, we sampled both synapse and cellular density for every well by imaging Synaptophysin-tdTomato and NucBlue signals, respectively (online suppl. Fig. 1b) . Cultured neurons performed equally well across different density assay plates ( Fig. 1c; online suppl. Fig. 1c, d ) and were scalable to high-density formats, including 1,536-well HTS-compatible plates, with little evidence of row or column effects in AI34D-based cultures (Fig. 1d) . These data demonstrate that automated culturing of primary neurons is compatible with HTS-scale assay formats.
In general, HTS predominantly relies on the successful supply of mass quantities of robust, reproducible, and efficacious reagents and cell lines [12] . A potential limitation for the use of primary neurons for HTS-compatible assays is that the availability of biological material is limited by the frequency of litters. Even in best-case scenarios, primary neuron-based screening projects would require data collection across multiple culture "batches." Thus, a requirement for a primary neuron-based screening platform is that automated culturing procedures produce minimal batch-to-batch variance, with each batch providing a sufficient supply of primary neurons. To objectively measure batch variance, a "stress test" was carried out where we prepared AI34D primary neurons in sixty 384-well plates cultured as six distinct batches (1 litter = 1 batch) prepared over the course of 3 weeks (online suppl. Fig. 2a ). Synapse and cell density were sampled in every well. The completed experiment yielded >23,000 multiplexed data points, with the relationship between synapse density and cell density plotted for all wells (Fig. 1e) . The relationship between the multiplexed measures was similar across the plates ( Fig. 1e ; online suppl. Fig. 2b) , with a clear correlation between synapse and cellular densities. A cluster analysis of all sixty plates revealed eight major nodes, rather than the expected six if batches clustered among themselves, with most nodes containing plates derived from different batches (Fig. 1f) . The median and distribution of the synapse/neuron ratio was similar among all plates (online suppl. Fig. 2c ). Furthermore, the variance within each batch, as well as the variance among all batches, was <20% (online suppl. Fig. 1d ). Based on these data and former HTS experience [13] , we concluded that automated procedures for producing primary neurons for screening purposes result in highly reproducible weekly culture conditions.
We next sought to create a disease-relevant phenotypic assay that highlights the strengths of a neuron-based screening platform. Loss of functional synapses is a hallmark of most brain disorders, such as neurodegeneration disorders and stroke [14] , and contributes to impaired brain function during normal aging [15] . Chemical enhancement of neuronal communication by "boosting" functional synaptic connectivity is, therefore, a promising therapeutic strategy to generally improve brain function [16, 17] . However, synapses are highly complex and unique to neurons. Thus, it is logical that the most effective screening assay would capture a disease-linked endpoint obtained from synaptically connected neurons. We sought to develop a phenotypic assay designed to broadly report an increase in synaptic connectivity in live primary neurons. Because of the ability to image synaptic structures in live primary neurons, our strategy was to perform an abbreviated kinetic assay where the total number of synaptic puncta were imaged in each well at multiple time points (Fig. 2a) . This assay strategy had two significant advantages. First, by normalizing the second read to the first (i.e., DIV14/DIV12 ratio), the resulting ratio report- ed the rate of synaptogenesis during the assay period (Fig. 2b) , a critical phenotype directly connected to neural circuit assembly. Second, the ratio was much less variable than puncta density (Fig. 2c) , which is the assay endpoint typically used in synaptogenesis assays. Based on this finding, we designed a screening assay that utilized this abbreviated kinetic endpoint to discover compounds that enhance synaptogenesis rates in primary neurons (online suppl. Fig. 3a) . We screened a library of 1,280 known pharmacologically active compounds (in quadruplicate) in a standard neurobiology laboratory environment, a strategy that required only two litters of AI34D mice. Analysis of DMSO controls (i.e., basal signal) indicated that the assay endpoint exhibited low variance within individual plates and repeatability among all sixteen plates used in the screen (online suppl. Fig. 3b, c) . To identify preliminary hits, we performed two types of compound normalization methods, comparison of compound well measurements to 3 standard deviations of DMSO controls only [18] , and z-score normalization to all wells in the plate on a plate-by-plate basis. These analyses yielded 9 and 10 candidates, respectively (online suppl. Table 1 ). The two lists were largely overlapping, which likely reflects the similarity of key assay parameters when applying each of these analyses. We were interested in determining the reproducibility of preliminary hits identified in the assay. A nearly identical version of the synapse assay was implemented in a μHTS environment that utilizes industrial-scale robotics and an automated pipeline for data analysis and reporting. The only practical modification in the replicate screen was the change in environment (e.g., in the screening laboratory clean room), the type of robotic microscope (see Methods) , and that the assay was fully automated (e.g., hands-free). The plate-level metrics of controls were similar to those in the initial laboratory-level screen (online suppl. Fig. 3d ). Preliminary hits (Fig. 2e) were again identified using DMSO or whole-plate normalizations, with both methods yielding a largely overlapping list of candidates (online suppl. Table 2 ). We then compared preliminary hits from both screens. GYKI52466 was the only compound shared in each preliminary hit list from both screens and did not appear to cause cellular toxicity (online suppl. Fig. 3e ). Interestingly, there were two other AMPAR antagonists present in the library, though these compounds failed to induce a change in the assay endpoint in both screening runs (Fig. 2f) . We confirmed that GYKI had minimal activity in a counter screen that quantifies nonspecific changes in somatic tdTomato signal intensity (Fig. 2g) . The identification of GYKI52466 in the replicate screen demonstrates that primary neuron-based assays can be implemented in an academic μHTS environment, a capability that has enabled an ongoing, largescale screen for compounds that modify synaptic connectivity.
To demonstrate the flexibility of this platform, we designed another disease-relevant and HTS-scalable assay that would benefit from the use of primary neurons. Pathogenic Syngap1 variants cause a genetically defined form of intellectual disability [19] with epilepsy [20] , termed MRD5, that accounts for up to 0.5-1% of severe childhood brain disorders [21, 22] . This disorder is caused by de novo SYNGAP1 mutations that induce genetic haploinsufficiency [23, 24] . Probes that increase Syngap1 expression in neurons would target the root cause of MRD5. However, Syngap1 expression is heavily enriched in the brain and the protein is developmentally regulated [25] , suggesting that there are neuron-specific regulatory mechanisms that control SynGAP expression. Thus, an assay for Syngap1 expression built from primary neurons would be expected to yield the most promising lead compounds. To create a Syngap1 expression assay, we engineered a mouse line that drives expression of tdTomato under the control of the endogenous Syngap1 gene (Fig. 3a) , a design that is expected to report the level of actively translated Syngap1 mRNA. Mice that expressed the targeted insertion bred normally and we obtained viable heterozygous and homozygous offspring. Several lines of evidence indicated that tdTomato expression in neurons from this mouse line can report endogenous SynGAP levels. First, tdTomato fluorescence was observed in vivo, and the signal was proportional to the genotype (online suppl. Fig. 4a ), demonstrating that the reporter itself expresses a dose-dependent linearity. Second, increased tdTomato expression during development paralleled that of endogenous SynGAP (Fig. 3b) , and fluorescence within the dentate gyrus granule layer reflected the developmental age of neurons (online suppl. Fig. 4b ). Third, primary neurons cultured from these mice expressed tdTomato with high contrast as early as postnatal day 3 (PND3) (Fig. 3c) , and the critical assay endpoint (i.e., average fluorescent intensity of thresholded cell bodies; online suppl. Fig. 4c ) was stable for the duration of the culture. Together, these data indicate that tracking of tdTomato signal dynamics in primary neurons from this reporter mouse would be an effective assay for identifying compounds that upregulate Syngap1 expression.
To test the performance of the SynGAP expression assay, we again screened the library of 1,280 known phar-macologically active compounds against the selected endpoint (i.e., average fluorescence intensity of tdTomatopositive soma; online suppl. Fig. 4c ) using a design nearly identical to that of the synaptogenesis assay. The only notable exception was that the assay was carried out at DIV9 using a single read on a robotic confocal microscope. The average endpoint signal and the signal coefficient of variation for negative controls was consistent across plates used in the pilot screen (Fig. 3d) , indicating that the assay endpoint exhibits low intrinsic noise. Consistent with this observation, we observed zero false positives in the negative control group (Fig. 3e) . In contrast, we observed many preliminary hits from well locations representing library compounds ( Fig. 3e ; online suppl. Table 3 ). Given that we observed low intrinsic assay noise (<10% coefficient of variation of controls) and several library compounds induced a robust change in tdTomato signal, the SynGAP expression assay appears to have a large dynamic range. Furthermore, since the assay features a simple, low-noise readout (i.e., tdTomato fluorescence in live neurons), we anticipate that it will scale well within a μHTS environment.
Discussion
The ability to successfully implement multiple primary neuron-based assays in both low-and high-throughput screening environments is evidence of this platform's flexibility and scalability. Perhaps most importantly, we found that assays created using this platform are economical. Our studies demonstrate that there is enough material in a single litter of mice to screen 1,000 or more compounds. Thus, once an assay is validated, it is possible to screen thousands of compounds in primary neurons as a stand-alone project in a laboratory environment. Indeed, the essential elements of our screening runs were carried out on equipment that already exists in many academic laboratories or imaging cores. As a result, both assay development and screening steps can be carried out by individual investigators in their own laboratory, while the most promising assays can be implemented in a true HTS environment for much larger-scale screens. A significant advantage of this assay platform, which is based on knockin mice, is that in vivo biological validation of preliminary hits can be carried out in the same animals that supply material for in vitro assays. Taken together, the combined features of this platform improve the accessibility of drug discovery within the neuroscience community, which could stimulate drug discovery in CNS disorders. Future improvements in this platform will include the incorporation of iPSC-derived human neurons, which will complement assays performed in nonhuman primary cells, with respect to secondary assays used to biologically validate lead compounds.
For successful long-term screening projects that utilize primary cells in an automated environment, it is essential to obtain simple Go/NoGo measures in order to maintain quality during the entire project period. Unlike established cell lines, primary cells obtained for screening purposes are derived from animal models. Thus, a protracted screening project will utilize cells derived from different animals over time, which could influence the biology of the cells, potentially degrading assay performance. In one such case, we recently performed a 36-week automated synaptogenesis screen that assayed ∼80,000 neuronal culture wells. To maintain assay performance across the entire project, we implemented strict quality control metrics that served as a Go/NoGo criterion for each weekly batch of primary neurons. During assay validation steps, we identified several simple plate-level measures that predicted performance of the desired assay endpoint. In the synaptogenesis assay, we found that the average number of detected synapses per well, and the variance of synapses across all wells of a plate at DIV8, correlated well with the overall synaptogenesis rate and synaptogenesis variance of the same plate from DIV12-DIV14 (our desired endpoint). Analyzing dozens of batches allowed us to determine a range of acceptable values at DIV8, which then served as Go/ NoGo criteria for collecting screening data with any particular batch. To implement this strategy into the ongoing screening project, we created one additional plate per batch that served as a "sentinel," which was rapidly imaged on a laboratory-level instrument at DIV8 in order to obtain the Go/NoGo metric. This strategy was possible because our analysis during assay validation demonstrated that plates within batches performed similarly (online suppl. Fig. 2) . If the sentinel passed this test, the batch was delivered to the screening facility. An added benefit of this laboratory-based sentinel strategy was that it accelerated robotic implementation. The sentinel plate was always saved until the batch run was finished. If substandard data were obtained in the automated facility, the sentinel plate was checked for data integrity in the laboratory, which helped identify the cause of substandard data collection. This quality control protocol helped identify a step in the automated procedure that increased the risk for culture contamination in addition to assuring weekly assay performance.
